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ABSTRACT 

In order to explain rapid light curve variability without invoking a variable source, several 
authors have proposed “minijets” that move relativistically relative to the main flow of the jet. 
Here we consider the possibility that these minijets, instead of being isotropically distributed 
in the comoving frame of the jet, form primarily perpendicular to the direction of the flow, as 
the jet dissipates its energy at a large emission radius. This yields two robust features. First, 
the emission is significantly delayed compared with the isotropic case. This delay allows for 
the peak of the afterglow emission to appear while the source is still active, in contrast to the 
simplest isotropic model. Secondly, the flux decline after the source turns off is steeper than 
the isotropic case. We find that these two features are realized in gamma-ray bursts (GRBs): 1. 
The peak of most GeV light curves (ascribed to the external shock) appears during the prompt 
emission phase. 2. Many X-ray light curves exhibit a period of steep decay, which is faster 
than that predicted by the standard isotropic case. The gamma-ray generation mechanism in 
GRBs, and possibly in other relativistic flows, may therefore be anisotropic. 

Key words: radiation mechanisms; non-thermal - methods: analytical - gamma-ray bursts: 
general 


1 INTRODUCTION 


The light curves of Gamma-ray bursts (GRBs) and blazar jets in 
active galactic nuclei (AGNs) show variability on short time-scales. 
Various models have been put forward to explain this feature. 
Among them, the minijets model, also called “jets-in-a-jet”, 
“fundamental emitters” or “relativistic turbu l ence” model (e. g., 
Blandfor^j200j|jLYUlil^^ B landf ord[j2003l: Lyutikoyl |2006a||3; 


Giannios. Uzdenskv & Begelma r 20091: Kumar^Narayanl 


20091: iLazar Nakar & PiranI 20091: iNaravan & KumaiT 20091: 


Giannios. Uzde nskv & BegelmanI 2010|; Nalewaiko et al.l 


Naravan & PiraiJ 120121 : Giannios! 20131) , provides a promising 


20111: 


explanation. In this model, compact active regions of the rela¬ 
tivistic jet experience relativistic motions relative to the comoving 
frame of the jet. We will refer to these regions as minijets. The 
minijets radiate and yield short time pulses, which explain the fast 
variability observed in these sources. 

Ideally, one would like to constrain the various properties 
of the minijets, for example, their number, their velocity and 
their direction relative t o the main flow of the jet with avail¬ 
able observations (e.g., iGiannios. Uzdenskv & BegelmanI l2009l : 
INaravan & Kumaill2009l) . In fact, recent AGN observations point 
out that the y-ray bright blazars are preferentially viewed in a direc¬ 
tion perpendicular to that of the main flow o f the jet in the comov¬ 
ing frame of the jet dSavolainen et alJboiOh . This is at odds with 
the expectation that the jet emission is isotropic in the rest frame 
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of the jet, but instead points: (i) to the presence of minijets, and (ii) 
to the fact that most of the minijets are preferentially perpendicu¬ 
lar to the jet propagation. In general, the direction of the minijets 
is anisotropic. The main objective of this Letter is to explore this 
possibility. 

Anisotropic emission has already been studied in th e context 
of the GRB afterglow emission dBeloborodov et alll201 ll) . and two 
main properties were found. First, anisotropic emission is delayed 
with respect of the isotropic one. And second, after the source 
turns off, the flux declines muc h faster for an anisotrop ic source 
compared with an isotropic one dNaravan & Kumarll2009l) . We find 
these two same features in the anisotropic minijet model and ex¬ 
plore their consequences in the context of GRB observations. 

The main equations of the minijets model are presented in 
Section|2 In Sectionj^we highlight the main two features that ap¬ 
pear in the light curves if the direction of the minijets is anisotropic. 
In Section |4] we present typical light curves for different levels of 
anisotropy. We connect our results within the context of GRBs in 
Section|3 and finish with a short discussion and our conclusions in 
Sectionl^ 


2 MINUETS MODEL 

GRBs are characterized by t^ar <C Igrb, where t^ar is the aver¬ 
age duration of a single spike in the prompt emission light curve 
of total duration Iorb- One popular interpretation is that tvar di¬ 
rectly reflects changes in the central engine and corresponds to an 
emission distance Rdias ~ ^^ct^uar (e.g. internal shocks model). 
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2 Barniol Duran, Leng & Giannios 


In an alternative view, the engine is active for tcRB ejecting a 
shell of thickness A = cLgrb ■ When the shell reaches a large dis¬ 
tance Rdiss ~ T^ctoRB, it turns dissipative producing the GRB. 
The model can account for the short variability with “minijets”. 
Each of them beams the emission in the rest frame of the jet pow¬ 
ering individual pulses while the overall duration of the event is 
toRB ~ Rdiss ~ A/c. Note that the two models are not mu¬ 
tually exclusive: minijets may take place even if Rdiss ~ T^ctvar, 
while residual shocks take place out to distance ~ T^ctcRB and 
their emission may be anisotropic. 

Here we focus on a model with a large emission radius and 
explore different orientations for the minijets. We develop a Monte 
Carlo scheme to model minijets in a homogeneous jet of radius R, 
thickness A and opening angle 6j, moving towards the observer 
with velocity Vj and corresponding Lorentz factor Tj . For simplic¬ 
ity, we assume all minijets are identical, and they all emit isotrop¬ 
ically with the same luminosity Lmj for a duration Stmj (in their 
rest frame, ‘mj’ stands for the “minijet” frame). 

The velocity of the minijet is Vco (Lorentz factor Tco), mea¬ 
sured in the comoving frame of the jet. We randomly select the 
position of the minijet within the jet: its radius r (R — A < r < R) 
and angle 0 (0 < 0 < 9j), which is the angle subtended by the 
radial direction at the location of the minijet and the symmetry axis 
(given the symmetry of the problem, the azimuthal angle is not 
needed). For each minijet, we select two angles, measured in the 
comoving frame of the shell, which describe the direction of the 
minijet: 9' and rj)', which are the polar and azimuthal angles with 
respect to the radial direction. The angle 9' is selected from a distri¬ 
bution P(0') such as f P{9')dfl' = 47r. We consider a distribution 
of minijets that is symmetric around n/2, i.e., P{9') oc (sin0')"', 
with n ^ 0. For n = 0 we recover an isotropic distribution with 
P{9') = 1, and as n increases the distribution peaks strongly 
around 7r/2, and the chance of minijets having 9' ^ -k increases. 

In the lab frame, each minijet moves with Lorentz factor 

F em — Fj Fco (1 “F rj Vco cos 9 , (1) 


and corresponding velocity Vcm, at an angle 9, given by 


tan 6 = 


Vco sin 9' 

F 3 (t;co cos 9' + Vj)' 


( 2 ) 


For the azimuthal direction (f) = (f)'. We set the arrival time of pho¬ 
tons from a minijet located at r = 7? along 0 = 0 to be to. Photons 
from other minijets will arrive later, at a time 


t — to 


R — r cos 0 


(3) 


where c is the speed of light. 

The angle between the direction of the minijet and a distant 
observer, a, is cos a = sin 0 sin 9 sin <j) + cos 0 cos 9, and the 
Doppler factor is 


V = 


1 

F cm (1 Vcm COS q) 


(4) 


Given the luminosity of the minijet Lmj in its own rest frame, then 
the observed luminosity is 


Lohs — Lmj'P • 


(5) 


The observed duration of a flare powered by a minijet is 


St 



R 

FjFcocV’ 


( 6 ) 


where we approximated the duration of the minijet emission in its 
own frame to be the light-crossing time of a causally connected 


region of size ~ i?/(FjFco) (see, e.e.. lNaravan & Kumaill200^ . 
In the limit of Vco = 0 (F^o = 1), then Fem = Fj , 0 = 0, cos a = 
COS0, and we recover the “usual” Doppler factor D = (Fj(l — 
Vj cos0))“^, see eqs. l[T]l, l[2]l and Q. 

As mentioned above, we will take R « AV^. The duration 
of the burst is tcRB ~ A/c « i?/(cF|). For simplicity, we will 
assume that all minijets have the same Lorentz factor Fco. 


3 ANISOTROPIC EMISSION 


3.1 Time delay 

If minijets are isotropically distributed, minijets located along the 
line of sight (0 = 0) are boosted towards the observer with a sim¬ 
ilar Doppler factor with ones at 0 = F“^; therefore, an observer 
sees emission within an angle 0 < 0 < 1 /Tj. However, for mini¬ 
jets emitted mainly at 9' — -k/2 (anisotropic minijets), their angle 
is 0 = F“^ in the lab frame, so the Doppler boost of minijets at 
0 = F“^ is larger by a factor of ~ F^o ^ 1 than the one for 
minijets along the line of sight. Therefore, for anisotropic minijets, 
most of the emission arrives from a “ring” of angle 0 = F”*^, and 
thus, will be delayed compared with the isotropic emitter by 


t — to 


R — r cos 0 
c 


i?02 

2c 


A ^ tcRB 
2c ~ 2 


(7) 


see eq. 13. This corresponds to the maximum time delay that can 
be experienced: lower level of anisotropy (smaller values of n) will 
correspond to shorter time delays, with the isotropic case showing 
no delay. 


3.2 Steep decay 

The observed light curve - from a conical source that is emit¬ 
ting isotro pically and suddenly t urns off — declines quickly with 
time (e.g.. iFenimore et aLlll995l : [Kumar & Panaitescul l2000l) . the 
so-called “high latitude emission”. In this subsection, we will 
show that an anisotropic source decays even faster. Instead of 
focusing on particular minijets, we will focus on the ‘envelope’ 
emission, that is, the ave rage emission of all minijets. We follow 
[Beloborodov et all ( 1201 ih . where they find that the luminosity is 

+ (8) 

\ tGRB / 

where P{9') is the intrinsic (comoving) angular distribution of 
emission (per unit solid angle), normalized by f P{9') dTl = dvr, 
and P is the energy spectral index. Isotropic emission corresponds 
to P(^') = 1 and yields a d ecay as L oc consistent with 

I Kumar & Panaites^ (l2000l) . For Tco 3> 1 (Wo ~ 1), the emis¬ 
sion from a single minijet is narrowly beamed, therefore, the main 
factor that contributes to the anisotropy comes from their direction 
distribution, P{9') oc (sin 6')". In this case, eq. l[3 becomes 


COS0 


cos 9' + Vj 
1 + Vj cos 9'' 


(9) 


For r « 77 in eq. ([3, we solve for cos 0 as a function of time, and 
using eqs. l[3 and l[3, we find that the temporal decay index of the 
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Anisotropic minijets 3 


steep decay i 


j. d In Z/ (n\ 

r ^ 

t 


r t 1 

t-to 

‘ghb 

-(2 + ^) 

‘ghb 

dint V2/ 

1 1 t — to 
tGRB 

1 1 t —*0 

tGRB . 


which at late times i S> to and t 3> tcRB approaches to 


S = -{n/2)-i2 + l3). (11) 

For a given spectral index, the more anisotropic the minijets are 
distributed, the steeper the emission will be. It also returns to well- 
known isotropic case for n = 0 . 


4 RESULTS 

In this section we present the results of our Monte Carlo simula¬ 
tions using the model described in Section In the following, we 
use: Fj = 100, Fco = 10, 9j = 0.05, A = 3 x 10^^ cm and 
i? « 3 X 10^® cm. We simulate a large number of minijets (~ 10®). 
For simplicity, we assume that minijets produce Gaussian pulses in 
the observed light curve that appear at time t — to, with width St, 
and we also assume that all minijets have the same luminosity in 
the comoving frame of the jet, Lmj, so that the peak of each pulse 
is (we take /? = 1). We set the zero time to be to = 0. 

The properties of the anisotropic emission described in Sec¬ 
tion can be seen in Fig. [T] We show the light curves (in a lin¬ 
ear, and logarithmic scale) for different levels of anisotropy. The 
isotropic case (n = 0 ) and the case where all minijets point at 
6' — TV j2 (n ^ oo) in the comoving frame are also shown. The lin¬ 
ear scale plot shows that, as the minijets’ direction becomes more 
anisotropic (as n increases), the light curve begins at a later time 
(see dotted lines close to fo = 0 for each case, which mark the ap¬ 
proximate time when 5 per cent of the count are accumulated, Tos), 
while the logarithmic scale plot shows how the light curves become 
steeper at late times. As can been seen, the 6' = 7 r /2 case yields a 
time delay of ~ IS./{2c) as predicted in Section[3l 

Observationally, the fact that the time delay increases as 
anisotropy increases in Fig. [T] is meaningless, since detectors will 
trigger only when enough counts are present. However, this has 
profound implications on the external shock light curves, which 
peak at t>A/c, irrespective of the degree of anisotropy of the 
prompt emission. We will discuss this in Section [5T] 

As explained above, an immediate consequence of a higher 
degree of anisotropy in the minijets is the fact that the late light 
curve, following the main emission episode shown in the top panel 
of Fig. [T] would decay more steeply than the isotropic case, and 
contin ues to show some level of variability l lNaravan & Kumaj 
1 20091) . Here, we have quantified this decay in Section and our 
Monte Carlo simulations agree with our theoretical arguments. The 
temporal decay for n = 0 , 1 , 2 , 10 is expected to asymptotically be 

5 = —3, —3.5, —4, — 8 , consistent with the bottom panel of Fig.[T] 
The 9' = -K12 case, which corresponds to an infinite value of n, 
simply drops to zero immediately after the prompt emission ends. 


^ We note that eq. m allows us to solve for cos 6' = f, therefore, L cc 
{sinO')'^ oc [sin(arccos Z)]’^ = (1 — where / is a function of 

time. 




Figure 1. Typical light curve for the minijet model; see Section[4|for a de¬ 
scription of the used parameters. In both panels, the degree of anisotropy 
increases from top to bottom (see legend in bottom panel). Top panel: Lin¬ 
ear scale plots, which show that anisotropy shifts the overall light curves 
to later times. Different light curves (normalized) have been shifted verti¬ 
cally for displaying puiposes. The vertical dotted (dashed) lines for each 
light curve correspond to their values of Tqs (T 95 ), which are the times 
when 5 (95) per cent of all counts are accumulated by the detector (typi¬ 
cally, the total duration of the emission is taken as T 90 = T 95 — Tqs). Tqs 
generally increases as minijets are more anisotropic. A small background 
“noise” has been subtracted to qualitatively mimic the real background sub¬ 
traction in the detector. We also include the obseiwed peaks of the GeV light 
curves (black crosses) for the sample in Tabled scaled for each of the sim¬ 
ulated light curves (see Section [slU . As the level of anisotropy increases, 
the peaks of the GeV light curves also shift to later times, making most 
of them (except for the case of GRB 080916C) consistent with t> A/c 
(marked with a dash-dotted line and an arrow). For one burst the peak time 
is outside the limits of the figure. Bottom panel: Logarithmic scale, which 
shows that more anisotropic minijets yield faster decaying light curves dur¬ 
ing the “high latitude” emission. Light curves have been ai'bitrarily shifted 
vertically to have the same approximate luminosity at f A/c. 


5 APPLICATION 

5.1 Time delay: GRB GeV peaks 


In the context of GRBs, GeV (100 MeV - 10 GeV) LAT (Large 
Area Telescope) light curves detected by the Fermi satellite last 
much longer than the variable prompt emission phase (50 - 300 
keV) detected by GBM ( Gamma-ray Burst Moni tor), and de¬ 
cay as a power-law (e.g., lAckermann et alJ 120131) . These, and 
other pieces of e vidence, point to their origin in the external for¬ 
ward shock (e.g., I^mar & Barniol Duranll20Q^ : IZou et al~ I l2009l: 


iGhisellini et al.^010h . which is produced as the relativistic GRB jet 

interacts with the circumburst medium fe.g..[S ari, Piran & Nar avatil 
1 19981 : IWiiers & Galamal [19991 : IPanaitescu & KuniM 20001) . If the 


GeV emission during the prompt phase is also associated with 
an external forward shock origin, then it is natural to associate 
the peak of the GeV light curve, with the deceleration 

time of the blast wave. This is the time when the external re¬ 
verse shock has crossed the GRB ejecta and a rarefaction wave 
signals the external forward shock to steepen its deceleration pro- 
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4 Barniol Duran, Leng & Giannios 


GRB 

[ s ] 

TgBM 

t-pLAT /q-iGBM 
-‘-p 7-^90 

080916C 

6.6 ±0.9 

64.22 ±0.8 

0.1 

090323 

40 ±30 

143.81 ± 1 

0.3 

090328 

40 ±30 

65.65 ± 2 

0.6 

090510 

0.9 ±0.1 

0.42 ±0.1 

2.1 

090902B 

9±1 

22.18 ±0.3 

0.4 

090926A 

11 ± 2 

15.92 ±0.3 

0.7 

091003 

22 ± 9 

21.07 ±0.4 

1.0 

100414A 

20± 10 

28.14 ±2 

0.7 

110731A 

4.9 ± 0.7 

7.54 ±0.3 

0.6 


Table 1. GRB, the peak of the LAT light curve (Tp^^) in the 100 MeV 
- 10 GeV band, the duration of the GBM prompt emission (50 - 300 keV 
band) light curve and the ratio between these two values. Most 

LAT light curves peak before the end of the prompt emission. (Data from 
lAckermann et all2013h . 


file, a nd thus, produces a break in the light curve fe.g. JSari & PiranI 
I 1995 I) . In the simplest model, the deceleration time will occur at 
~ A/c, which corresponds to the end of the prompt emission, 
~ (time for which 90 per cent, from 5 to 95 per cent, of 

the counts are detected), or after i t, depending on if the reverse 
shock is relativistic or not ( see, e.g.. lSari & PiranlFl995l : ISarill 19971 : 
IPanaitescu & Kurii^ 200^ for a hydrodynami cal treatment of the 
problem, and iMimica. Giannios & Alovfl200^ for a full magneto- 
hydrodynamical one). However, most of the observed GeV light 
curves rise and peak during the prompt emission phase, that is, the 
GeV light curves start decayi ng before the end of the prompt phase 
(e.g.. lAckermann et al.ll201^ : see Table [T] This has bee n used to 
argue against their external forward shock origin ( e.g., iHe et al.l 
I 2 OI ll: iMaxham et ^1201 ll ; [Beloborodov et akirioidl) . Here we ar¬ 
gue that it is possible to circumvent this issue by assuming that the 
prompt emission is anisotropic. In particular, we show that in the 
anisotropic minijets model, the prompt emission phase can be de¬ 
layed by up to toRB /2. Therefore, the prompt emission is over¬ 
all shifted in time (delayed) with respect to the peak of the GeV 
light curve, whose peak is always at > A/c, which may result in a 
GeV peak during the prompt emission phase. 

Given that each different simulated light curve has a differ¬ 
ent “trigger” time, which is close to ~ T05, we use the data in 
Table [T] to determine the corresponding peak time of the GeV 
light curve for each of the light curves (depending on their re¬ 
spective Tos and Tgo = Tgs - Tqs) approximately as Tpeafc « 
ro 5 + /Tg^^)no. We plot this Tpeafc (normalized to 

A/c) as black crosses in Figure[T]for each of the light curves. The 
GeV peaks shift to later times, to times ~ A/c or later, alleviat¬ 
ing the concerns presented above. The most extreme case is GRB 
080916C, where even the extreme anisotropic case (6' = tt/2) still 
yields a GeV peak long before ~ A/c. For this case, it is possible 
that a smaller number of minijets is present and statistical fluctua¬ 
tions may play a significant role; see the end of Section|^ 


[Bamiol Duran & KumaillTo09l) . As shown above, the high latitude 
emission from an anisotropic source decays faster than the isotropic 
one. 

When fitting the observed XRT light curves with a decaying 
power-law, a choice of the zero time must be made. Usually, the 
zero time is selected to be the “trigger” time of the BAT (Burst 
Alert Telescope) onboard Swift, and the decay index is aoba (to = 
ttrigger)- Alternatively, a zero time closer to the end of the prompt 
emission (closer to Tgo) can also be chosen, as it would mark 
the real zero time of the ejection of the last “shell” that produced 
the last spike in the prompt light curve, e.g., in the internal shock 
model. The latter zero time yields less steep decay indices than the 
former. 

However, the real zero time of the emission for an anisotropic 
source should be shifted to a time that is earlier than the “trig¬ 
ger” time of the detector. The trigger time in Fig. 1 is Tgs. As 
anisotropy increases, the zero time should be set to a time which 
is < toRB /2 earlier than the trigger time. With this corrected zero 
time, aobaito = ttrigger) will be Steeper by only <20 per cent 
(if the flux drops from Tgo to ~ lOTgo), and this decay index can 
be compared with the theoretically expected one (see Section [3. 
Many X-ray steep decay light curves decay faster than predicted by 
the isotropic case, which suggest that an anisotropic model is nec¬ 
essary to explain these cas es (e.g. lCusumano et ^bOOdlHm et al.1 
l2006l;IVaughan et alJl2006Hl 


6 DISCUSSION AND CONCLUSIONS 


In the model presented in this Letter, the short timescale variabil¬ 
ity in the observed light curves is driven by compact emitting re¬ 
gions (“minijets”) that move relativistically in the jet frame. The 
presence of such emitters can result in jet variability shorter than 
the dynamical time at the centra l engine, as required to explain ul¬ 
trafas t flaring from blazars (e.g . .iGiannj^. Uzd enskv & BegelmarJ 
I 2 OO 9 I ; iNaravan & PiranI 12012 ; [oiMinios 2013 ), and to e xplain 
fast variability in GRBs (e.g., L vutikov & Blandfor^ 1200 3l ; 


iKumar & Naravanll2009l;lLazar. NakW & Piranl(200^. 

Physically, minijets can naturally develop if magnetic recon¬ 
nection takes place in a Poynting-flux dominated jet. For jet mag¬ 
netization a — > 1, the reconnection outflows 

are expected to move with Lorentz factor Fco in the jet 

rest frame and in the plane of the current sheet dLvubarskvl 1 20051 ; 
lGianniosll2013l) and the orientation of the reconnection layers de¬ 
termines the directionality of the minijets. Although the details of 
the orientation of the current sheets are currently uncertain and 
model-dependent, in general one expects the magnetic field lines 
in the jet to be toroidally dominated. The end stage of magneto- 
hydrodynamical instabilities responsible for dissipation in the jet 
may favor layers perpendicular to the jet propagation. In addition, 
if the magnetic field changes polarity regular ly at the central en¬ 
gine JParfrev. Giannios & BeloborodovI 120151) . then the reconnec¬ 
tion layers will be naturally perpendicular to the jet propagation (in 
the jet rest frame). 


5.2 Steep decay: GRB early X-ray steep decay 

After their prompt emission phase, most GRBs show a period 
of rapid X-ray flux decay, which has been detec ted by XRT (X- 
ray T elescope) onboard the Swift satellite (e.g., [Barthelmv et al.l 
I2OO5I) . This emission has been associated with e ither the high 
latitude emission (e.g., iKumar & Panaites^ I2OOOI) or the emis¬ 
sion from a rapidly decaying central engine l lFan & Weil I2OO5I; 


^ Using the sample of 16 GRBs in lO’Brien et al.l j2QQ6h , which have an 
X-ray steep decay phase [aobsi^o = '^trigger) ^ 2.5], 10 have similar 7- 
ray and X-ray spectra (/^-y Px)^ making them possibly consistent with 
the “high latitude” emission interpretation. Out of these 10, 5 have slopes 
steeper than those predicted by the simple high latitude emission, that is, a 
large fraction of X-ray light curves decay faster than expected in this simple 
model. 
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Anisotropic minijets 5 


Using a simplified model, we have calculated the observed 
light curves from minijets, randomly selecting their position within 
the jet. We consider an isotropic distribution of minijet directions 
and also consider more anisotropic distributions, for which the di¬ 
rection is more likely to be perpendicular to the direction of the jet 
(in the comoving frame of the jet). We find that more anisotropic 
distributions yield: 1 . observed light curves that start later, and 2 . a 
high latitude emission that decays faster (see Fig.[T](. 

Observationally, a light curve that starts later might seem in¬ 
consequential, since detectors “trigger” whenever enough counts 
are detected. However, this has deep implications for the peak of 
the external forward shock. This peak is due to the deceleration of 
the GRB blast wave, which will decelerate as usual, whereas the 
prompt light curve will be shifted to later times (for anisotropic 
minijets), allowing for the deceleration to occur during the prompt 
emission phase. In the context of an external forward shock origin 
of the GeV light curves detected by Fermi, an anisotropic mini¬ 
jets model naturally explains why the GeV peak occurs during the 
prompt emission phase. 

If the GeV peak time, Tjf is indeed the deceleration time 
of the blast wave, then the jet bulk Lorentz factor To can be es¬ 
timated. An anisotropic light curve can be delayed by, at most, ~ 
tcRB /2, where tcRB is the duration of the GRB, usually measured 
as In this case, the real deceleration time is -|- 

/2, that is, a factor of < 1 -|- larger. 

However, since To de pends very weakly on th e peak time, the esti¬ 
mates of To (see, e.g.. lAckermann et al.ll2013l) are not significantly 
modified. 

After the prompt phase, the high latitude emission takes over, 
and an anisotropic minijets model decays faster than the isotropic 
case. The model can explain the GRB X-ray steep decay light 
curves that show a decay index steeper than that expected by the 
isotropic case. 

We have used a Monte Carlo scheme to simulate the light 
curves in the minijets model. The light curves do depend to some 
extent on the chosen parameters, in particular, on the number of 
minijets. We have simulated a typical GRB light curve with ~ 50 
pulses. We verified that the main two features in this Letter remain 
unchanged as long as the number of simulated minijets is large. 
However, low number of minijets produce light curves with small 
number of well-separated pulses, where the statistical uncertainty 
of their duration (Tgo), their beginning (Tqs) and their end (T 95 ) 
is much larger. Comparing the peak time of the afterglow emission 
with Tgo in such bursts with few pulses may be misleading. 

In this Letter, the dissipation radius has been chosen to be 
large, by requiring that the whole width of the jet comes in causal 
contact. Minijets could also dissipate at a smaller radius. In this 
case, the time delay expected from anisotropic minijets would be 
correspondingly smaller. However, both the GeV peaks (which oc¬ 
cur during the prompt emission) and also the X-ray steep decay 
(steeper than the isotropic case) points to a large dissipation radius 
to explain the observations within the context of the anisotropic 
minijets model. 

Our results point to a gamma-ray generation mechanism in 
GRBs that is anisotropic. Although the precise details of our model 
may vary, the overall features presented in this Letter are robust. 
This provides an important step towards identifying the energy dis¬ 
sipation and radiation mechanisms taking place during the prompt 
emission phase, which continue to remain elusive. 
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